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Abstract

We present theresultsof cal culation of transverse mode couplinginstability (TMCI) thresh-
oldsfor Very Large Hadron Collider (VLHC). The estimates are done with use of conventional
approach and more sophisticated mode dynamics analysis. We found the RF system parame-
ters which alowsto get appropriate TMCI threshold number of particles per bunch and attain
high luminosity of the collider. Alternative ways to raise the threshold are briefly discussed.

1 Introduction

The Very Large Hadron Collider(VLHC) [1] will have large circumference, that |eads to domina-
tion of transverse instabilitiesin beam dynamics problems|[2, 3]. Consideration done by J.Rogers
[2] concludesthat dominant single bunch effect is the transverse mode coupling instability(TMCI)
driven by abroadband impedance. Weredo estimatesof theimpedance budget andthe TMCI thresh-
old using conventional approach and discuss observations at the Tevatron in Section 2. As most of
theimpedance comes from resistive wall fields which are not constant over longitudinal coordinate
inabunch s, then more sophisticated analysisisdonein Section 3 with means of the method devel -
opedin[5]. We study dependence of the beam el genfrequenciesversus current and modes coupling
in the VLHC low-field option. In Section 4 we consider possible ways to increase the threshold in
the VLHC.

2 Rough estimates

Basicaly, the TMCI (or “strong head-tail instability ") appears due to defocusing effect of thewake
fieldsinduced by the head of the bunch on the bunch tail particles. In the presence of synchrotron
motion, there is a permanent exchange of head and tail particles that helps to avoid the instabil-
ity. The instability was observed at many electron storage rings which usually tend to increase the
synchrotron tune v, in order to stabilizethe TMCI. To date thereis no solid evidence of the“strong-
head tail” instability in proton machines [4]. Nonetheless, it is expected the proton TMCI will be
important at injection into the SPS, when it workswith LHC parametersand inthe VLHC. We have
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to note that for existing proton accelerators, stabilizing processes other than the synchrotron mix-
ing can play important role, for example, incoherent tune spread due to direct space charge and/or
broad-band impedance, or other sources of possible Landau damping. They are not yet analyzed
properly, and, therefore, it isnot clear will they distort the picture of the TMCI at the VLHC or not.

After these precautions, we start with routine analysis of the mode coupling phenomena.

Thetransverse mode-coupling instability leadsto fast beam break-up, and, therefore, setsstrong
constraint on abroad band transverse impedance Z, . The threshold number of particles per bunch
N, can be estimated as [6]:

th _ 3213/2(E Je)o v, 1)
P 3ecIm < Z, 3, >
wherebrackets< .... > mean averaging with the beta-function at | ocations of theimpedance sources.
Asit was pointed out in [2], transverse broad band impedance in the low-field VLHC is dom-
inated by resistive wall impedance. The latter can be estimated for round vacuum chamber with
radius a as:

, (2)

where R isthe radius of the machine, Z, = 377(2 isthe vacuum impedance, 6 = ¢/+/2mow isthe
skin depth at frequency w, o isthe wall conductivity.

Astheimpedance depends on frequency, its effective value integrated over the bunch spectrum
isused’:

_ Zn ZL(W = nwo)e_(nwotfs/c)2

ZL Zn 6—(nwoas/c)2 : (3)
wherew, = ¢/R and o, isthe rms bunch length. Using (2, 3) one finds that
I'1/4
7 = (\/%)ZL(w:c/as) =2.05Z, (w = c/oy). 4

For o, = 10 cm long bunchesin Al vacuum chamber with conductivity of o = 3.2 - 10!7¢ !
the skin depth at w = ¢/o, = 3 GHz isabout 3.86 m.

For other than round vacuum chambers, ageometry factor can be introduced. For example, itis
equal to Rg ~ 0.84 for dliptical vacuum chamber with minor half-aperture a two times less than
themajor one[7], i.e.

ZOR(S(wgz c/os) _ 1'72ZOR(5(w3: c/as)' )
a a
Additional wide-bandimpedance of thering can be estimated asa sum of impedancesof itscom-
ponents, such as bellows, BPMs, kickers, vacuum ports, tapers, etc. Most of these elementsaredis-
continuities having resonant frequencies much higher than the frequencies within the bunch spec-
trum, and, therefore, they giveriseto amostly inductiveimpedance. At thisstage of theVLHC ring
design werestrict oursel veswith rough estimate, based on assumption that for every half FODO cell

ImZ ~2.05-0.84

Laswill be discussed in the next section, thisis the point of some uncertainty in the impedance estimates
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length of L = 250m, there are some discontinuities like aperture increase A = 0.5mm and total
length of about g = 10cm, then

ImZL - (%) . QCL_]; - _i_]j . % X Nelement57 Nelements = 2’/T]%/L (6)

Resulting impedance budgets for low-field and high-field options of the VLHC (some parame-
tersaretakenfrom[2]), 3 TeV low-field injector with C' = 34 km (with L ~ 86m) and for the LHC
[8] are presented in Table 1.

Table 1 also presents the threshold bunch population for these machines at their injection ener-
gieswherethe TMCI is expected to be more dangerous.

For the low-field option of the VLHC the bunch intensity threshold determined by the TMCI

(mostly dueto resistive walls) is equal to:

E v a 550km  320m
Ny ~ 3.87-1010 . /2= L 3. : . 7
th 10cm  3TeV 0.01 (O.9cm) C <pB> (7)

For example, one can expect that due to 4 times smaller beta-function and seven times longer
bunch length, the threshold in 3 TeV ring built with the same |ow-field magnet technology will be
about 10 times the threshold of the 50 TeV collider ring as long as acceleration ratio (top energy
divided by injection energy) and v, are the same for both rings.

Itis useful to apply the above consideration to the Tevatron ring (see also Table 1). Assuming
stainless steel round vacuum chamber with a = 3.5cm, resitivity of p = 7.4 - 107" Qm, the
rms bunch length of about 0.5 m and synchrotron tune 0.002 at the injection energy of 150 GeV,
< (8 >= 50 m, one gets

NIV ~ 4.6 - 10", (8)
that corresponds to effective resistive wall broadband impedance of about 0.8 MQ2/m. Detailed
estimate of the impedance made by K.Y.Ng [9] givestotal transverse impedance about 3-4 times
larger. Thereare some experimental evidences of the longitudinal broadband impedanceaslarge as
(Z/n)TeV ~ 109 [10]. From that one can estimate the transverse broadband impedance as 7, =
2R(Z/n)/a®> = 10 MQ/m 2. For the given spread of the impedance of (3-10) MQ/m we get the
threshold bunch populationsof N2¢V = (3.7 —12)-10'!. Particle production at the Tevatron limits
maximum bunch population at the Tevatron at the level of about 3-10'*, and that probably explains
why the TMCI was not observed at the Tevatron. Aswe mentioned at the beginning of this Section,
there is other factor which may play role and increase the TMCI threshold - the spread of betatron
tuneswithinthe bunch. Such aspread takesplace along the bunch (dueto direct space-charge or/and
broad-band impedance) as well as across the bunch (due to direct space charge, octupole magnets,
beam-beam interaction, etc.) It is not clear now which of the spreads may lead to more effective
stabilization. Recent numerical studies [11] of the TMCI with direct space charge tune shift §Q),.
have shown that the threshold grows approximately as R = 1 + AQs./vs. For the Tevatron at
injection
NyrpR
2V/2m 0 seny?

2in the estimate we used a = 4.5 cm, i.e. somewhat larger than for the vacuum chamber, because the aperture
islarger in the Tevatron injection and abort kickers which are thought to contribute significantly into the broad-band
impedance.

AQ,. ~ 0.001,

3



(hereex ~ 4 - 107% misthe rmsnormalized emittance, r, = 1.53 - 10~*®*m isthe proton classical
radius, andwetook NN, = 3-10'") that may give additional 50% of thethresholdincrease. Thedirect
space charge tune shift and tune spread are negligible at high energies (e.g. for al machines we
considered above except 3TeV low-field injector ring with 150 GeV injection energy - the protons
will come from the Fermilab Main Injector). It would be of interest to observe the TMCI at the
Tevatron, for example, by increasing the transverse broad-band impedance of the ring and to study
the tune shift and the coupling of the transverse modes.

Table 1: Broadband Impedance Model and Threshold Bunch Intensities
(L-Fisfor low-field VLHC option, H-F - high-field option,
3Tl - 3TeV low-field VLHC injector ring, TEV isfor the Tevatron)

Par ameter L-F H-F 3Tl | LHC | TEV
Circumference C', km 554 102 34 | 26.7 6.3
Top beam energy E, Tev 50 50 3 7 1

I njection energy E;, TeV 3 3 015| 045 | 0.15
Bunch length (inj.) o5, M 006 | 0.029 |043| 0.13 | ~05
Long. emittance (inj.) Apms, EV-S 03| 004 | 02| 013 | ~05
Synchr. tune Vs 001| 0.01 |0.01|0.005| 0.002
Beam pipe half-size a,ctm 0.9 1.9 09 | 1.9 35
<> m 320 | 255 82 71 50
Resistivewall (inj.) InZ,, MQ/m 235 07 |385| 035 | 08
Bellows, BPMS, etc. InZ,, MQ/m 18 7.3 12 | 565 2-9
Total transverse InZ,, MQ/m 253 80 |397| 60 | 310
Total longitudinal Z/n, Q 0.14 | 0.034** | 0.15| 0.14 | 2-10
TMCI threshold (inj.)  N,/10',Eq.(l) [027| 55 | 25| 54 |37-12
RW threshold (inj.) N /10", Eq.(10) | 021 | n/a | 18 | n/a | nla

*- effective radius of square beam screen (3.4 cm side length) for the resistive wall estimates.
“*-from[2].



3 Modecoupling ssimulations

As we know from preceding section, the most of the transverse impedance comes from the resis-
tive wall fields. These fields are not constant over the bunch longitudinal coordinate s. E.g., the
corresponding wake-function isgiven by [12]:

2C [¢
W(s) =~/ ©
One can seeg, that the wake field hasa singularity < 1/4/s. That plays certain rolein excitation
and coupling of particular modes, and the averaging over the bunch spectrum is not completely
correct: in fact, such averaging should be performed over different modes of transverse motion,
which are not known a priori. We used different approach to pursue the problem, following the
method developed in [5].

0.15 r :

0.05 r .

_005 L 1 L 1 L 1 L 1 L
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Figure 1: Eigentunes (vertical axis) versus number of protons per bunch (horizontal axis). The
fractional part of the betatron tuneis0.1; upper lines present real part, and lower ones - imaginary
part of eigentunes.



In our smulations, the bunch is divided into 4 radial and 5 azimuthal parts, so it is possible to
see the behavior of the first 4 radial and 5 azimuthal modes. It gives about few percent deviation
from the exact threshold current valuefor thefirst (0,+1,-1) modes coupling (see detailsin [5]). The
integrated wake kick Eq.(9) is applied once over the revolution period, that is a good approxima-
tion while the tune shifts due to impedance and synchrotron tune are much less than 1. The rest
of the lattice is presented as a linear transform matrix. Total transformation matricesincluding the
kick are different for different modes. Eigenvalues (eigentunes) of these modes can be calculated
numerically.

In Fig.(1) one can see the eigentunes versus number of protons per bunch. The parameters used
in this smulation are < ¢ >= 600m, v, = 0.01, o0, = 0.1m, £ = 3TeV, C = 550km. The
fractional part of the betatron tuneis equal to 3 = 0.1. We found that being far from low-order
resonances, the tune is not significant for the threshold estimations. Thereis anumber of "radial”
eigentuneswith zero " azimuthal” number around the betatron frequency at v3 + v, +2v,. All these
modes for small current have zero oscillations of the dipole moment over the angle in synchrotron
phase space, and they have different dependence on the dipole moment over the synchrotron ampli-
tude ("radius’ in synchrotron phase space). For each synchrotron sideband, there are several higher
"azimuthal” modes, whose tunes for small current are different from the betatron tune on a partic-
ular integer number of synchrotron tunes. This number means the eigenmode variation numbers
over the anglein the synchrotron phase space. Asin the case of ”zero” azimutha modes, there are
alot of "radial” modes for every azimuthal number.

With chosen parameters, the first merging of some ”zero” radial mode and some ”-1" radia
mode occurs for the number of protonsin bunch equal to 1.2 - 10'°. The next merging occurs for
approximately triple current ("0” radial and ”+1” radial modes). In both cases a pair of the modes
with equal real parts of the tune and with opposite imaginary parts of the tune appears; this, evi-
dently, gives unstable motion of the bunch.

Let ustake into account the reduction factor of R = 0.84 due to the beam pipe llipticity, and
present the threshold obtained in the same form as Eq.(7):

O FE Vs ( a )3 550km  320m
dm 3Tev 0.01 "0.9cm c  <pB>’

This value is about 0.7 times the value we got with straightforward estimates above. Again,
worrisome intensity limitation in the VLHC occurs at the injection energy.

Ny, ~ 2.7-101° . (10)

4 Luminosity and safety factor.

Now we can estimate luminosity of thelow-field VLHC under assumption that the number of parti-
cles per bunch /N, remains the same during the acceleration, normalized transverse emittance e,, =
2.5mm - mrad (or 95% emittance of 157 mm-mrad), beta-function at the interaction point of 5* =
10cm, revolution frequency f, = 0.5 kHz, and the collision energy of 50 TeV (v, = 5.1 - 10%):

N2y o
= L2 (=2 11
L fONb47T€nB*‘7:(B*)7 (11)

where the geometrical luminosity reduction factor for round beamsis F(z) = L(os)/L(0) =
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Jrrer erfc(z), © = */o,. For 7 cm rms bunch length it leads to F ~ 0.82 and one gets the
luminosity of
_ _ Nb N, \2
L£/10%[s 'em™?] = 0.73 - TR (m—fo) . (12)
Number of interactions per crossing due to inelastic interaction of protons with 132mb cross
section is about
31y 10°
Nint = 28 - (L£/1034) - —. (13)
Ny
Onecan see, fromthisformula, that, for the sameluminosity,larger number of bunchesis prefer-
able in order to decrease the number of particles per bunch and »;,;. The same preference occurs
for the parameter of the beam-beam interaction:

Ny ~ Ny
&= m ~ 0.0005 - 101" (14

although the bunch intensity limitation due to the TMCI at the injection appears well before beam-
beam effects would be of importance.

Let us choose for definiteness the frequency of the RF accelerating cavities to be frr = 500
MHZ3, itisequal to h = 9- 10° harmonicsof the revolution frequency. If onefills every 9th bucket
then number of bunchesis IV, = 10° and bunch spacing is 18 ns.

Other parameters of the collider are asfollow: the half FODO cell length L. = 250 m, betatron
phase advance per cell v = 90°, average beta-function <  >= 318 m, tune of the 554km-long
machineis about v ~ 275 that yields a momentum compaction factor o =~ 1/v? = 1.3 - 107°.

In order to have synchrotron tune at the injection (at 3 TeV) of

aheVy
.= = 0.01,
v 27TEinj

one needsto have thetotal RF voltage of 1, = 160 MV. That value correspond to some 10 minutes
ramp of the proton energy from 3 TeV to 50 TeV. With 1V = 640 MV RF voltage, the ramp isfour
times faster and the synchrotron tuneis 0.02.

Using all parameters presented above and Equation (10), we can calculate a safety factor of
S = Nu,/N, versusluminosity (see Fig.2):

1.79
S=——"""_ atVy=160MYV,
JL£/10%
and 3.01
S=—""" atVy=640MV.

\/L£/10%

For example, the safety factor of S = 2 correspondsto £ = 8 - 10% s~tem =2 with Vy = 160
MV and £ = 2.26 - 1034 s7Lem =2 with V) = 640 MV at the injection.

3powerful DC klystrons are available for such frequency at present time, both normal- and super-conducting RF
technologies at thisfrequency are well developed for electron-positron storage rings
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Figure 2: Safety factor S = Ny, /N, vsluminosity. RF voltage at injectionis 160 MV (solid line)
and 640 MV (dashed line).

The scaling of the safety factor S for fixed luminosity is:
S x a ;{EVOB/S < B> AV

Thus, the most attractive ways are to increase the dipole magnet aperture or the RF frequency. Un-
fortunately, thereis not too much freedom to vary these parameters, and therefore, it would be very
useful to consider other ways of improvement.

5 Waystoincreasethe TMCI threshold.

There were severa attemptsin the past to increase the TMCI threshold with use of afeedback sys-
tem. A resistive feedback doubles the threshold in PEP (see [13] and references therein) and in
VEPP-4M storage rings [14]. Sophisticated reactive feedback (oscillator-like) was tested at LEP
(CERN) and raised the threshold by 5% [15]. The conventional feedback at LEP didn’'t help for
several reasons. Due to noises (or due to some other reasons) it didn’t work in essentially resistive
variant, but for reactive regime of work the”-1" mode became unstable. The calculationsalso gave
the instability of "+1” azimuthal mode for near-threshold current.

The difference for situation with the TMCI at LEP in comparison with the other machinesis
its large synchrotron tune and large impedance between pickup and kicker. The VLHC parameters
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are closer to the VEPP-4M parameters, than to the LEP ones due to the fact, that their synchrotron
tunesare of the same order. So, it can be assumed, that conventional feedback hastohelp at VLHC,
asit doesat the VEPP-4M collider. Specia variants of feedbacks may also help to damp the TMCI
[5].

One more opportunity to counteract effectively the TMCI was considered recently in Ref.[16].
Introduction of a correlated tune spread from head to tail of the bunch using RF quadrupoles has
shown significant increase of the threshold if the spread is several times the synchrotron tune v;.
Theideais similar to the BNS-damping in linear el ectron-positron colliders[17] which was exper-
imentally proven as an effective way to counteract beam break-up in SLAC Linear Collider.
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